Background: Permanent canines are amongst the teeth most affected by impaction and ectopic eruption. Although impacted canines are often subjected to surgical exposure and alignment with either the open or the closed technique for many decades, their treatment effects have not yet been systematically asssessed. Objectives: The aim of this systematic review was to critically assess whether significant differences exist in the outcomes of the open or closed surgical exposure of impacted canines. Search methods: An unrestricted electronic search of nine databases from inception to December 2016 was performed. Selection criteria methods: Included were randomized or prospective non-randomized studies comparing open versus closed exposure of impacted canines in human patients. Data collection and analysis: After duplicate study selection, data extraction, and risk of bias assessment according to the Cochrane guidelines, random-effects meta-analyses of mean differences (MDs) and odds ratios (ORs), including their 95 per cent confidence intervals (CIs) were performed, followed by subgroup and sensitivity analyses. Results: A total of eight unique studies and a total of 433 (30.1% male/59.9% female) patients were included, with an average age of 15.2 years and a total of 453 impacted canines (48.6% and 51.4% in the open and closed exposure, respectively). Open exposure of impacted canines was associated with reduced duration of canine alignment (two studies; MD = -2.14 months; 95% CI = -4.23 to -0.05 months; P < 0.05; moderate heterogeneity and moderate quality) and lower odds of tooth ankylosis (one study; OR = 0.15; 95% CI = 0.03-0.83; P < 0.05; low quality) compared to closed exposure; both findings being independent of canine localization. However, initial alignment of palatally impacted canines took overall significantly longer than labially impacted canines (8.87 versus 4.17 months). Conclusions: Based on existing evidence, open surgical exposure seems to be superior in treatment duration and ankylosis risk over the closed technique. Due to the limited number of small included trials, further research is needed for robust clinical recommendations. Registration: PROSPERO (CRD42016051916).
Introduction

Rationale
The permanent canine is, after the third molars, the tooth with the highest incidence of impaction with prevalence ranging between 0.3 and 2.4 per cent (1, 2) . Canine impaction shows a predilection for the palatal over the labial side (3) and has higher prevalence in female patients (2) . Canine impaction can be associated with functional or esthetic impairment, while impacted canines might also lead to root resorption of adjacent permanent teeth (4) . Therefore, a definitive diagnosis of an impacted canine is often directly followed by an attempt to tackle the impaction, if needed.
Common approaches for the management of impacted canines include early interceptive measures (5, 6) or late intervention, including extraction (7) , autotransplantation (8) , and surgical exposure of the canine's crown with a subsequent orthodontic alignment of the tooth (9) . Given the high aesthetic and functional value of canines, the combined surgical/orthodontic approach to relocate the impacted canine in its proper place in the dental arch is considered often, with two major surgical techniques: the open and the closed technique.
The open technique includes the surgical exposure of the crown by either complete removal of bone and soft tissue directly overlying the impacted canine (10) or the use of an apically repositioned gingival flap (11) . Afterwards, surgical pack might be used to cover the wound, while the canine can be either left to spontaneously erupt or an orthodontic attachment is directly bonded on the canine in order to directly apply traction. The contemporary closed technique on the other side involves raising a full mucoperiostal flap, exposing the canine crown, and bonding an attachment on it (12) . Afterwards, the flap is repositioned and orthodontic traction is applied after initial healing, until the canine erupts in the oral cavity and is subsequently guided to the dental arch. Although, both approaches are versatile, can be adapted to each case (13) , and have been used extensively for many years, reports about their comparative performance are mixed. Several studies have evaluated various aspects of their performance, including surgical duration and postoperative recovery time (14) , postoperative pain (15) , periodontal health (16, 17) , and esthetic appearance (18) . Although, the subject has been heavily debated with active proponents for both approaches (6, 19) , the cumulative evidence regarding their overall comparative performance in terms of clinically relevant outcomes has not yet been objectively assessed according to the principles of evidence-based orthodontics. Two systematic reviews on the subject have been performed, but the first (and older one) did not find any eligible trials to include (20) , while the second only focused on the periodontal health of impacted canines with no clinically relevant differences between the open and closed technique (17) .
Objectives
The aim of this systematic review was to critically evaluate existing clinical evidence and assess whether considerable differences in the primary outcome of treatment duration and other secondary treatment outcomes exist between impacted canines treated surgicallyorthodontically with an open or closed exposure technique. To this end, the present systematic review attempts to answer the following question: When compared with a closed exposure technique, what are the comparative effectiveness and harms of the open exposure technique in the management of impacted canines in patients of any age or sex?
Materials and methods
Protocol and registration
The review's protocol was made a priori following the PRISMA-P statement (21) , registered in PROSPERO (CRD42016051916), and all post hoc changes were appropriately noted. This systematic review was conducted and reported according to Cochrane Handbook (22) and PRISMA statement (23), respectively.
Eligibility criteria
According to the Participants Intervention Comparison Outcome Study design schema (PICOS), we included randomized and prospective controlled non-randomized trials (S) on human patients of any age or sex with at least one impacted canine (P) comparing an open (I) versus a closed surgical approach (C) for the exposure and orthodontic management of impacted canines. The primary outcome (O) of this systematic review was treatment duration, of either the initial alignment of the impacted canine to the occlusion or the complete fixed appliance phase, extracted from the patient records in months. The secondary outcomes focused on clinical relevance to the patient or the orthodontist and included the need for canine re-exposure, adverse effects to the canine (including ankylosis and discoloration), and patient-reported outcomes (including overall satisfaction, pain, and disruption of the function). Excluded were non-clinical studies, retrospective studies, case reports, animal studies, and studies that did not directly compare both approaches. 
Information sources and literature search
Study selection
The eligibility of identified studies was checked sequentially from their title, abstract, and full-text against the eligibility criteria by one author (CC) and were subsequently checked independently by a second one (SNP), with conflicts resolved by a third author (TE).
Data collection and data items
Study characteristics and numerical data were extracted from included trials independently by two authors (CC, SNP) using predefined and piloted extraction forms including: (i) study characteristics (design, clinical setting, country), (ii) patient characteristics (age, sex, number and localization of impacted canines, extraction of any teeth as part of the treatment plan), (iii) any orthodontic co-interventions, and (iv) study outcome measures. Piloting of the forms was performed during the protocol stage until over 90 per cent agreement was reached. Missing or unclear information was requested by the trials' authors and re-analyzed firsthand, whenever possible.
Risk of bias in individual trials
The risk of bias of included RCTs was assessed using Cochrane's risk of bias tool (22) ; the risk of bias of included prospective nonrandomized studies (NRS) was assessed using the Downs and Black checklist (24) with appropriate modifications. A main risk of bias assessment was included in the systematic review pertaining to each trial's primary outcome.
Data synthesis
Meta-analysis was performed if similar interventions and control groups were compared and similar outcomes were measured. As outcome of canine exposure and alignment is bound to be affected by patient age (25) , localization of the canine (26, 27) , the orthodontic mechanotherapy (27) , and biologic variation in tooth movement (28) , a random-effects model was judged as clinically and statistically appropriate (29) . The novel random-effects model proposed by Paule and Mandel was preferred a priori over the more widely known DerSimonian and Laird (30) method to estimate all pooled data, according to empirical evidence (31) . Mean Differences (MD) for continuous outcomes and Odds Ratios (OR) for binary outcomes and their corresponding 95 per cent Confidence Intervals (CI) were calculated. Statistically significant results of binary meta-analyses were translated clinically using the Number Needed to Treat (NNT). For included trials with clustered data, we tried to contact the trial's authors to ask for adjusted outcomes or raw data.
The extent and impact of between-study heterogeneity was assessed by inspecting the forest plots and calculating the tau 2 and the I 2 , respectively; I 2 defines the proportion of total variability in the result explained by heterogeneity, and not chance (32) . We roughly categorized heterogeneity as low moderate, and high to I 2 values of 25, 50, and 75 per cent (32), although we also judged the heterogeneity's localization on the forest plot. Additionally, the 95 per cent CIs around tau 2 and I 2 were calculated (33) to quantify our uncertainty around these estimates. Ninety-five per cent predictive intervals were calculated for meta-analyses of ≥3 trials to incorporate existing heterogeneity and provide a range of possible effects for a future clinical setting (34) . All analyses were conducted in Stata SE version 14.2 (StataCorp LP, College Station, Texas, USA) by one author (SNP). A two side P ≤ 0.05 was considered significant for hypothesis-testing, except for P ≤ 0.10 used for tests of betweenstudies or between-subgroups heterogeneity (35) .
Quality of evidence
The overall quality of clinical recommendations for each of the main outcomes was rated using the Grades of Recommendations, Assessment, Development, and Evaluation (GRADE) approach, as very low, low, moderate, or high (36) . The minimal clinical important (37), large, and very large effects were defined as half, one, and two standard deviations (using the average standard deviation for an outcome across the control groups of included trials), respectively. Arbitrary cut-offs of 1.5, 2.5, and 4.3 were adopted for the OR. The produced forest plots were augmented with contours denoting the magnitude of the observed effects (38) .
Additional analyses and sensitivity analyses
Reporting biases (including the possibility of publication bias) were planned in the protocol to be assessed, but could not be performed due to the limited number of included trials.
Robustness of the meta-analyses was planned a priori to be checked with sensitivity analyses based on (i) exclusion of trials with high risk of bias, (ii) improvement of the GRADE classification, (iii) exclusion of non-randomized trials, and (iv) exclusion of trials with reporting biases.
Results
Study selection
A total of 476 and 9 papers were identified through electronic and manual searches, respectively ( Figure 1 ). After removal of duplicates and initial screening, 37 papers were assessed using the eligibility criteria, and 11 papers were included in this systematic review (Figure 1 ; Supplementary Appendix 2). In two instances, multiple publications pertaining to the same trial were grouped together; thus, a total of 8 unique trials from 11 publications were finally included in the systematic review. Several authors were contacted for clarifications or additional data (Supplementary Appendix 3) with only limited success. In one instance of a trial including both impacted canines and impacted incisors (14) , the authors were contacted and graciously provided the raw study data that enabled the exclusion of impacted incisors and the inclusion of the study.
Study characteristics
The characteristics of the included trials can be seen in Table 1 . Of the eight included trials, four (50%) were randomized and four (50%) were prospective non-randomized trials, conducted in eight different countries. They included a total of 433 patients (mean 54 patients per trial; range 24-96) with male patients being the 30.1 per cent (52/173 patients among the three trials that reported patient sex), and with an average age of 15.2 years. A total of 453 impacted canines were included in the identified trials, 220 (48.6%) of which were treated with an open exposure and 233 (51.4%) with a closed exposure ( Table 1 ).
Risk of bias within studies
The risk of bias for the eight trials included is summarized in Figure 2 and given in detail in Supplementary Appendices 4-5. High risk of bias was found in all four RCTs included for at least one bias domain, with the most problematic domain being complete blinding of outcome assessments (missing in all four trials) and improper randomization (in one trial). All four non-randomized trials had also at least one problematic domain, with the most critical domains being incomplete reporting of follow-up and drop-outs, lack of blinding, and lack of proper confounder assessment.
Results of individual studies and data synthesis
The results of all outcomes reported in all included studies can be found in Supplementary Appendix 6. Additionally, the re-analyses of raw data available for the studies of Chaushu et al. (14) and Marzouk et al. (39) can be seen in Supplementary Appendices 7-10. The results of the meta-analyses for the review's primary and secondary outcomes can be seen in Table 2 .
As far as the primary outcome of treatment duration is concerned, data was available on two levels: first, the duration from surgical exposure to the initial alignment of the canine to the occlusal plane/ dental arch and second, complete treatment duration from appliance insertion to appliance removal. Meta-analysis of three studies on the initial alignment of the impacted canine to the dental arch indicated that open exposure was associated with a statistically significant reduction in treatment duration by 2.14 months (95% CI: 0.05-4.23 months less; P < 0.05) compared to the closed exposure, with moderate heterogeneity (tau 2 : 2.39; I 2 : 74%; Table 2; Figure 3 ). Based on the 95 per cent prediction interval, this indicated that in a future setting initial canine alignment with the open technique might take 7.4 less to 3.1 months more than the closed technique. On the other side, one included trial reported a small reduction in overall treatment duration (bond to debond), but this was not statistically significant, probably due to low power (MD: -3.78 months; 95% CI: -9.21 to 1.65 months; P > 0.05).
As far as the secondary outcomes are concerned, no statistically significant differences between open and closed exposure could be found for (i) re-exposure need, (ii) canine discoloration, (iii) post-operative pain, (iv) difficulty in eating, (v) difficulty in speech, and (vi) canine aesthetics. However, open exposure was associated with a significantly lower odds for ankylosis of the impacted canine (OR = 0.15; 95% CI 0.03-0.83; P < 0.05), which was statistically and clinically relevant. This was translated clinically to an NNT of 9 (95% CI 8-47), which indicates that for every nine impacted canines treated with a closed exposure technique, an additional ankylosis of the impacted canine would be observed than if an open technique had been favored.
Quality of evidence
Assessment of existing meta-evidence with the GRADE approach (Table 3) indicated that moderate quality evidence supported the shorter initial alignment duration with the open technique. For the rest of the outcomes, low to very low quality of evidence existed, due to the inclusion of non-randomized studies, their high risk of bias, and the imprecision stemming from the small number of included studies.
Additional analyses
Additional analyses were undertaken in order to assess the possible impact of impaction-related characteristics on treatment outcomes.
As such, data from two included studies were re-analyzed post hoc for this systematic review with multiple regressions (including explorative interaction terms) to assess potential differences in outcomes between labially and palatally impacted canines (Supplementary Appendices 7-10). According to these, the initial alignment of the impacted canine to the dental arch took significantly longer for palatally than for labially impacted canines (8.87 versus 4.17 months, respectively; Supplementary Appendices 9), with an adjusted difference of 4.70 months less for labial impactions compared to palatal impactions (P < 0.001). However, open exposure was found to be consistently superior to closed exposure for both labial and palatal impactions (P > 0.05 for interaction of impaction localization and exposure technique; Supplementary Appendix 10). Other than that, no significant difference was found in any of the treatment outcomes according to impaction localization, with the sole exception of intraoperative need for surgical bone removal (P = 0.042 for interaction of impaction localization and exposure technique; Supplementary Appendix 11). Stratified analysis by canine localization indicated that open exposure of palatal canines was tendentially associated with greater bone removal need than closed exposure, while the opposite tendency seen for labially impacted canines. However, the results of the stratified analysis were not statistically significant, presumably due to the loss of power from stratifying an already limited sample.
Additional analyses were planned in the review's protocol regarding various patient-, impaction-, or treatment-related factors, but the majority of them could not be performed, due to limited data. One included study indicated that increasing patient age and impaction severity were both associated with higher odds of ankylosis of the impacted canine (P < 0.05) (40) . Re-analysis of the provided Chaushu et al. (14) data indicated that patient gender was significantly associated with post-operative swelling, the ability to enjoy food, and complaints of bad taste/smell after the exposure surgery (Supplementary Appendix 8) . Additionally, a tendency for intraoperative greater bone removal need in older patients and a subsequent greater difficulty in speech in those cases was observed (Supplementary Appendix 4) . Finally, a sensitivity analysis was performed by excluding nonrandomized trials (Table 4) , which indicated that the shorter duration of initial canine relocation with open exposure was robust to the inclusion of non-randomized trials, as the effect magnitude was actually enlarged (3.50 months less compared to the initial 2.14 months less of the original analysis). The decreased ankylosis risk with open exposure on the other side could not be confirmed, as no randomized trial reported this outcome. No further sensitivity analyses, nor any assessments of reporting biases, including small-study effects and publication bias, could be performed due to limited studies.
Discussion
Summary of evidence
This systematic review summarized existing evidence from eight randomized and prospective non-randomized trials that included a total of 433 patients and a total of 453 impacted canines treated with either an open or closed surgical exposure. As far as the primary outcome of treatment duration is concerned, existing evidence indicated that open approach was associated with substantial gains in the duration of initial canine alignment to the dental arch compared to the closed technique (gain of 2.1 or 3.5 months less according to the original and the sensitivity analysis, respectively) ( Tables 2 and 4 ). This might be associated with the lack of a repositioned flap over the exposed canine, which could act as an obstacle to the tooth's eruption. On the other side, it might be that open exposure technique is used selectively for canines located directly under the mucosa surface (13), which might add confounding, as these canines have per se a shorter eruption path to the dental arch. This was the case for the included non-randomized trial of Szarmach et al. (41) , where exposure technique was chosen 'depending on the impaction zone and the distance to the occlusal plane'. However, the sensitivity analysis, excluding this trial and including only trials where impacted canines were randomly allocated to a technique irrespective of their localization, found actually larger time gains for the open exposure (3.5 versus 2.1 months, Tables 2 and 4) . These results seem to be in agreement with a previous retrospective study, which reported higher alignment failure of the impacted canines with the closed technique and attributed this to scar tissue, improper traction direction, or the presence of dense connective tissue in the eruption way of the canine (42) .
Additionally, exposure of impacted canines with an open technique was associated with significantly lower odds of ankylosis (OR = 0.15; 95% CI 0.03-0.83; P < 0.05), which was independent of patient age, sex, impaction side (labially or palatally) or grade of impaction (40) . This could be a direct effect due to trauma of the periodontal ligament or root cementum by the low-speed bur, chemical trauma from the etching gel (43) , or the use orthodontic forces of high magnitude or inappropriate direction (40) . Alternatively, this could be an indirect effect resulting from the shorter traction time, where potentially damaging heavy orthodontic forces are applied.
Furthermore, canine localization was found to be significantly associated to treatment duration according to the re-analysis of Marzouk et al. (39) data, which indicated that palatally impacted canines needed on average 4.70 months longer to align than labially impacted ones (Supplementary Appendix 10) . This is in agreement with retrospective data (27) and could be due to the fact that palatally impacted canines may lie a lot further from the occlusal plane than labially impacted ones, resulting in a longer eruption path.
Finally, limited evidence indicated that older patients were associated with higher odds of tooth ankylosis than younger patients, irrespective of canine localization, impaction grade, or exposure technique (40) . This is in agreement with other retrospective studies not included in this review, which reported that patient age seemed to be associated with prolonged duration (42) and less favorable prognosis (44) for the alignment of the impacted canine.
Strengths and limitations
The strengths of this systematic review consist of the a priori registration in PROSPERO (45), an extensive and unrestricted literature search, use of robust review procedures for qualitative/quantitative data synthesis (46) , exclusion of biased study designs (47), use of a novel estimator for random-effects variance (31) , clinical translation of the meta-analysis results (34) , and assessment of cumulative metaevidence with the GRADE approach (36) .
However, some limitations are also present in this study. First and foremost, this systematic review included some non-randomized trials, and although sensitivity analyses indicated that this did not affect the results, moderate to high risk of bias was observed for all trials. Additionally, predominantly small trials were included, which could influence the results of the meta-analyses (48) . Furthermore, clarifications or individual patient data couldn't be obtained from attempts to communicate with trialists [except for one case (14) ], thus re-analysis to take into account baseline confounding and clustrering effects were precluded. It is important to note that for many comparisons with non-significant results wide 95 per cent CIs existed, which indicate high uncertainty around these estimates and more trials need to be added to the evidence base to reduce this uncertainty. Finally, the limited number of included trials did not enable robust assessments of heterogeneity, subgroup analyses, small-study effects, and reporting biases for most of the outcomes.
Conclusions
Based on a limited number of relatively small randomized and prospective non-randomized trials, open surgical exposure of impacted canines seems to be superior to the closed approach in terms of reduced initial alignment duration and decreased risk of ankylosis. No other significant differences in adverse effects or patient-oriented outcomes could be found between the two exposure techniques.
Recommendations for further research
Additional parallel or cluster-randomized trials compliant with the CONSORT statement (49) are needed to fill current evidence gaps. (Marzouk 1997 ) included both palatally and labially impacted canines, only the subsample of palatally impacted canines was included from the third study to achieve homogeneity. Should start from low due to the inclusion of the non-randomized study of Marzouk 1997, but exclusion of this (Table 3 ) lead only to effect magnification. Therefore, it was judged safe to start from high GRADE, as no bias could be identified.
b Downgraded by one due to the high risk of bias of included studies.
c Downgraded by one due to imprecision, judged by the small number of included studies with limited sample sizes and the wide confidence intervals.
These pertain to the feasibility of each exposure technique according to the specific localization of impacted canines [jaw, side, and height of impaction (50)], differences between various modifications of the two techniques, and the relative effectiveness of various orthodontic mechanotherapy alternatives (including the timing of force application). Finally, future trials should employ a priori sample size calculation to ensure adequate statistical power and take into account the clustering of multiple canines within patients (51) .
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Supplementary material is available at European Journal of Orthodontics online. 
